A Study on Design of Tapered Polarization Splitter Using Beam Propagation Method Based on Coordinate Transformation by 河村 真吾 et al.
座標変換に基づく有限要素ビーム伝搬法によるテー
パ型偏波分離素子の設計に関する検討
その他（別言語等）
のタイトル
A Study on Design of Tapered Polarization
Splitter Using Beam Propagation Method Based
on Coordinate Transformation
著者 河村 真吾, 辻 寧英, 張 沢君
雑誌名 電子情報通信学会論文誌. C, エレクトロニクス
巻 J102-C
号 5
ページ 124-130
発行年 2019-04-15
URL http://hdl.handle.net/10258/00009947
? ? ???????????????????????????????
??????????????????????????????
??????????
?? ??†a) ? ??†b) ? ??††c)
A Study on Design of Tapered Polarization Splitter Using Beam Propagation
Method Based on Coordinate Transformation
Shingo KAWAMURA†a), Yasuhide TSUJI†b), and Zejun ZHANG††c)
???? ?????????????????? (EC-CHFs) ???????????????????
?????????????????????????????????????????????????
?????????????????????????????????????????????????
?????????????????????????????????????????????????
(FE-BPM) ????????????????????????????????????????????
??????????????? FE-BPM ??????????
????? ???????????????????????????????????????????
??????
1. ? ? ? ?
???????????????????????
????????????????????????
????????????????????????
????????????????????????
????????????????????????
????????????????????????
???????????????????????
(Beam Propagation Method: BPM) [1] ?????
??????BPM ???????????????
???????????????????? (Finite
Element Method: FEM)????????????
†??????????????????????
Division of Information and Electronic Engineering, Muro-
ran Institute of Technology, 27–1 Mizumoto, Muroran-shi,
050–8585 Japan
††?????????????????????
Department of Electrical, Electronics and Information En-
gineering, Faculty of Engineering, Kanagawa University, 3–
27–1 Rokkakubashi, Yokohama-shi, 221–8686 Japan
a) E-mail: 18043013@mmm.muroran-it.ac.jp
b) E-mail: y-tsuji@mmm.muroran-it.ac.jp
c) E-mail: zhang-zj17@kanagawa-u.ac.jp
?? (Finite Element BPM: FE-BPM) [2] ????
???????????????????????
????????????????????????
????????????????????????
?? (Photonic Crystal Fibers: PCFs) [3] ????
????????????????????????
? PCF????? FEM????????????
???????????????????????
? FE-BPM??????????????????
????????????????????????
FE-BPM ???????????????????
????????????????????????
????????????????????????
???????????? [4]?
PCF?????????????????????
?????????????? (Elliptical-hole Core
Circular-hole Holey Fibers: EC-CHFs) [5]????
????????????????????????
?????????? (Polarization Splitter: PS)?
??????? [6]?[8]?PS???????????
????????????????????????
????????????????????????
124 ??????????? C Vol. J102–C No. 5 pp. 124–130 c©?????????????? 2019
???????????????????????????????????????????
????????????????????????
?????????????????????? PS
????????????????????????
????????????????????????
????????????????????????
????????????????????????
???????????
??????????????????????
???????????????????????
???????????????????????
?????? FE-BPM (Coordinate Transformation
FE-BPM: CT-FE-BPM)????????????
??????EC-CHF??????????????
????????????????????????
????????????
2. ???????? FE-BPM
????????????? 3??????????
???????????? FE-BPM????????
2. 1 ?????
???????????????????????
???????????????????????
∂
∂x
(
p
∂Φ
∂x
)
+
∂
∂y
(
p
∂Φ
∂y
)
+
∂
∂z
(
p
∂Φ
∂z
)
+ k20qΦ = 0 (1)
??? k0 ???????????p?q?Φ ??Ex
????Ey ??????????????????
?????
p = 1, q = n2, Φ =
√
ε0Ex for E
x modes
p =
1
n2
, q = 1, Φ =
√
μ0Hx for E
y modes
????n ?????ε0 ????????μ0 ???
???????????Ex?Hx ?????????
?? x??????
2. 2 ? ? ? ?
??? FE-BPM???????????????
????????????????????????
????????????????????????
????????????????????????
????????????????????????
????????????????????????
????????????????????????
? 1 ???????????????????
???????????????? xy ??????
????????????????????????
?????? 1 (a)???????????????
??? 1 (b)??????????????????
??????????????????⎧⎪⎪⎪⎨
⎪⎪⎪⎩
x = ξf(ζ)
y = ηf(ζ)
z = ζ
(2)
????????????????????????
????????????⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩
∂
∂x
=
1
f(ζ)
∂
∂ξ
∂
∂y
=
1
f(ζ)
∂
∂η
∂
∂z
= −ξ f
′(ζ)
f(ζ)
∂
∂ξ
− η f
′(ζ)
f(ζ)
∂
∂η
+
∂
∂ζ
(3)
f(ζ)? (ξ, η, ζ)?????????????????
?????????????????????????
? (2) ??????????(x, y, z) ?????
(ξ, η, ζ) ??????????? (1) ???????
?????????
1
f(ζ)
∂
∂ξ
(
p
1
f(ζ)
∂Φ
∂ξ
)
+
1
f(ζ)
∂
∂η
(
p
1
f(ζ)
∂Φ
∂η
)
+
(
−ξ f
′(ζ)
f(ζ)
∂
∂ξ
− η f
′(ζ)
f(ζ)
∂
∂η
+
∂
∂ζ
)
125
??????????? 2019/5 Vol. J102–C No. 5
{
p
(
−ξ f
′(ζ)
f(ζ)
∂Φ
∂ξ
− η f
′(ζ)
f(ζ)
∂Φ
∂η
+
∂Φ
∂ζ
)}
+ k20qΦ = 0 (4)
2. 3 FE-BPM????
?????????????????????????
???????? n0 ????????? β0 = k0n0
??????? Φ? Φ = φ(ξ, η, ζ)e−jβ0ζ ?????
??????????? (ξη ?)???? 2????
??????????? (4)???????????
FEM ???????????????????? ζ
????????????????
[M ]
∂{φ}
∂ζ
+ [K]{φ} = {0} (5)
??????????? [K], [M ] ????????
?????
[K] =
∑
e
∫∫
e
[
(k20q − pβ20){N}{N}T
− p
{(
ξ
f ′(ζ)
f(ζ)
)2
+
(
1
f(ζ)
)2}
{Nξ}{Nξ}T
− p
{(
η
f ′(ζ)
f(ζ)
)2
+
(
1
f(ζ)
)2}
{Nη}{Nη}T
− jpβ0ξ f
′(ζ)
f(ζ)
(
{Nξ}{N}T − {N}{Nξ}T
)
− jpβ0η f
′(ζ)
f(ζ)
(
{Nη}{N} − {N}{Nη}T
)
− pξη
(
f ′(ζ)
f(ζ)
)2
(
{Nξ}{Nη}T + {Nη}{Nξ}T
)]
dξdη
[M ] =
∑
e
∫∫
e
[
−j2pβ0{N}{N}T
+ pξ
f ′(ζ)
f(ζ)
(
{Nξ}{N}T − {N}{Nξ}T
)
+ pη
f ′(ζ)
f(ζ)
(
{Nη}{N}T − {N}{Nη}T
)
]
dξdη
??? {Nξ}?{Nη} ????? {N(ξ, η)} ????
? ξ?η ???????????? (5)? θ ????
? ζ ??????? Δζ ?????????????
??????????????????
[A]i+ 12
{φ}i+1 = [B]i+ 12 {φ}i (6)
????? i?i+1????? i???(i+1)???
???????????????[A]i+1/2?[B]i+1/2
?????
[A]i+ 12
= [M ]i+ 12
+ θΔζ[K]i+ 12
[B]i+ 12
= [M ]i+ 12
+ (θ − 1)Δζ[K]i+ 12
?????????????????????????
????????????????????????
????????????????????????
????????????????????????
3. ?????????
???? CT-FE-BPM ???????? PS ??
???????????
3. 1 ????????????
? 2 (a) ?????????? EC-CHF ???
???????? FSM (Fundamental Space-ﬁlling
Mode) [5]???? PS??????????? 2 (b)
???????????????????????
???????????? [7]??????????
?????? [7]???????????? 1.45??
?????? 1?????? Λ = 1.24 μm????
????? dC = 0.22Λ????? η = 2?????
?????????????? (Circular-hole Core
Circular-hole Holey Fibers: CC-CHFs) ?????
dcc = 0.2022Λ?????????????????
? 2 ???? EC-CHF ???? PS ?????
126
???????????????????????????????????????????
? 3 FSM ????????????????
?????????????? 3 ????? 5 ??
????????????????????? [7] ?
????????????????? 60%?????
(??????????? w0 = 11Λ?w1 = 0.6w0)?
????? λ = 1.55 μm????
?????FSM????????????????
?????????????????EC-CHF???
?????????????????? CC-CHF?
??????????????xEC-CHF?? yEC-
CHF???? 0.3016Λ????? 3 ? CC-CHF?
????? EC-CHF ????????? FSM ??
??????????? (????????????
??????????????) ?????????
? 60%???????? CC-CHF? EC-CHF??
????????????????????????
????????????????????????
????????????????????????
????????????????????????
??????????????????? 4 ????
????????????????????????
????????????????????????
? 4 ?????????????????????
? 5 ???????? PS ???
????????????????????????
????????????????????????
???????????????????? 8???
(d0 = 8Λ?d1 = 0.6d0)?????????????
????????????????????????
?????? 3 ?????????
3. 2 ??????????????
???????????????????????
???????????????????????
? 5 ?????????????????? 6 ? x
???????? CC-CHF???????????
????????????????????????
???????????????????????
???????????????????????
????????????????????????
????????????????????????
??1900 μm ?????????????????
????????????????????????
???????????????????????
????????????????????????
????????????????????????
127
??????????? 2019/5 Vol. J102–C No. 5
? 6 ???????????? (x ????)
? 7 ????????? PS ??????
lt = 1800 μm??????? lw = 1600 μm????
3. 3 ????? PS??????
????? PS???????? 7 ???????
?? 90%?????????? 200 nm (λ = 1460?
1660 nm)???????????????????
???????? [7]? PS????????????
????????????????????????
?????
4. CT-FE-BPM????????
???????? FE-BPM ? CT-FE-BPM ??
??????????CT-FE-BPM ???????
?????
4. 1 ??????
???????? PS ? CT-FE-BPM ?????
????????????????? FE-BPM??
????????????? CT-FE-BPM????
????????????????????????
???? (2)? f(ζ)?
? 8 FE-BPM ????????? PS ???????
f(ζ) =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩
Δw(1 + cos(πζ/lt)) + 2w1
2w0
(ζ < lt)
w1
w0
(lt < ζ < lt + lw)
Δw(1 + cos(π(L− ζ)/lt)) + 2w1
2w0
(ζ ≥ lt + lw)
????????????????Δw = w0 − w1
????λ = 1.55 μm ??????? CC-CHF ?
????????????????FE-BPM ???
CT-FE-BPM?????????????? 8?? 9
??????????????????Δζ = 10 μm?
?????? n0 = 1.433 ???????????
???????????????????????
????? z = L ??????????????
???????????????? FE-BPM ??
96.6%?CT-FE-BPM?? 96.8%?????????
?? CT-FE-BPM???????????????
??????CC-CHF??????????????
?????????????????????????
CC-CHF ???????????????????
??????????? 4 ????????????
????????????????????????
???? CC-CHF ?????????%?????
????????????????????????
????????????????????????
128
???????????????????????????????????????????
? 9 CT-FE-BPM ????????? PS ?????
??
????????????????????????
????????????????????????
????????????????????????
???????????????????????
4. 2 ??????
??? FE-BPM ???? CT-FE-BPM ????
?????????????? 10 ? FE-BPM ??
?????????????? 10 (a)???????
???Δz = 10 μm??? FEM?????????
??????????????????? FE-BPM
??????????????? 10 ??????
??????????CT-FE-BPM ?? 1 ????
????????????????????????
FE-BPM ???????????????????
????????????????????????
????????????????????????
????????????????????????
? 11 ?????????????????????
?????CT-FE-BPM ????????????
?????????????????????????
?????????????????????????
? 10 (b)??????? 15???????????
????????????????????????
????????????????????????
? Δz = 20 μm ????????????????
? 10 BPM ??????????????
? 11 FE-BPM ????? (???i ????????
???????????i+ 1 ?????????
??????)
??????????????? FE-BPM?????
Δz ??????????????????????
????????????????????????
???????????????????????
5. ? ? ?
???? EC-CHF??????????????
????????????????????????
????????????????????????
????????????????????????
????????????????????????
???????????????????????
129
??????????? 2019/5 Vol. J102–C No. 5
??? CT-FE-BPM ???????? FE-BPM ?
????????? CT-FE-BPM????????
????????????????????????
????????????????????????
????????????? EC-CHF ???? PS
????????????????????????
??????????? FE-BPM????????
? EC-CHF??????????????????
???????????
?? ???? JSPS??? 18K04276?????
???????????????????
? ?
[1] M.D. Feit and J.A. Fleck, “Light propagation in
graded-index optical fibers,” Appl. Opt., vol.17,
no.24, pp.3990–3998, Dec. 1978.
[2] Y. Tsuji, M. Koshiba, and T. Shiraishi, “Fi-
nite element beam propagation method for three-
dimensional optical waveguide structures,” J. Light-
wave Technol., vol.15, no.9, pp.1728–1734, Sept.
1997.
[3] J.C. Knight, T.A. Birks, P. St. J. Russell, and D.M.
Atkin, “All-silica single-mode optical fiber with pho-
tonic crystal cladding,” Opt. Lett., vol.21, pp.1547–
1549, Oct. 1996.
[4] ? ????????????????????????
??????????????????????1996.
[5] M. Eguchi and Y. Tsuji, “Single-mode single-
polarization holey fiber using anisotropic fundamen-
tal space-filling mode,” Opt. Lett., vol.32, no.15,
pp.2112–2114, Aug. 2007.
[6] Z. Zhang, Y. Tsuji, and M. Eguchi, “Design of
polarization splitter with single-polarized elliptical-
hole core circular-hole holey fibers,” IEEE Photonics
Technol. Lett., vol.26, no.6, pp.541–543, March 2014.
[7] Z. Zhang, Y. Tsuji, and M. Eguchi, “Study on
crosstalk-free polarization splitter with elliptical-hole
core circular-hole holey fibers,” J. Lightwave Tech-
nol., vol.32, no.23, pp.3956–3962, Dec. 2014.
[8] Z. Zhong, Z. Zhang, Y. Tsuji, and M. Eguchi, “Study
on crosstalk-free polarization splitter based on square
lattice single polarization photonic crystal fibers,”
IEEE J. Quantum Electron., vol.52, no.5, 7000107,
May 2016.
?2018 ? 8 ? 31 ????12 ? 21 ?????
2019 ? 4 ? 15 ????
?? ?? ?????
? 30????????????????
???????????????????
?????????????
? ?? ????
? 3 ?????????? 5 ?????
??????? 8 ???????????
?????????????????? 9
??????????????? 16 ??
???????????????? 23 ?
???????????????????
??????????????????????????? (?
?)?? 8 ???? 10 ????????? 10 ???????
?????? 12 ? IEEE Third Millenium Medal ????
??????IEEE?OSA ????
? ??
? 24 ???????????????
???? 25??????????????
??????? 27 ??????????
?????????? 28 ???????
???????????????????
???????????????????
?? (??)?
130
